Introduction
When an ingot of tin is melted, it can be seen th at the crystals break off as if the material forming the crystal boundaries melts at a lower temperature than the crystals themselves. It is impossible, however, to draw any quanti tative conclusions from observations of this kind, although such results would yield much wanted evidence as to the nature of the crystal boundary. In particular, it would be of interest to evaluate the temperature difference referred to, and to determine to what extent it varies with the amount of impurities present and with the angle between the crystallographic axes of the two crystals between which the boundary occurs. The present paper describes a series of experiments in which specimens consisting of two crystals with a single boundary between them were examined from this point of view.
E xperimental method
The experimental procedure consisted of the preparation of the specimens and the measurement of the temperatures at which the boundary melted and at which the crystals melted.
(a) Preparation of specimens I t was necessary to evolve a technique for the preparation of " bicrystal" specimens in which the angle between the axes is under control, and which are of such a shape that a tension can be applied normally to the boundary. Previous work (Chalmers 1937) has shown th at it is possible to prepare cylindrical bicrystal specimens, with the boundary forming a plane con taining the axis of the cylinder. Such a shape is not suitable for the present purpose, but the general method, i.e. the growth of the bicrystal from two seed crystals of known orientations, was taken as the starting point for the Figure 1 development of a new technique. The following procedure was finally adopted. Plaster of Paris " boats" were made of the shape shown in the diagram (figure 1). The boats were painted with an aqueous suspension of colloidal graphite in order to avoid the possibility of contamination of the metal by the material of the boat. In order to prepare a bicrystal specimen, the boat was supported horizontally on a carriage so that it was inside an electric tube furnace from the left-hand end as far as ^4^4 (figure 1). The carriage was so arranged that it could be drawn to the right at a speed of 0-4 cm./min. The boat was heated up to about 250° C and molten tin at the same temperature was poured into it so that it was filled from the left-hand end to the line BB, the depth being sufficient to fill the boat. The surface tension of the tin was sufficient to prevent it flowing beyond the line BB. Single crystals were then inserted in the grooves C and D and set to the required orientations. The boat was then moved a short distance further into the furnace, so that the ends of the " seed" crystals in C and D were melted and formed a continuous liquid with that already there. It was some times found useful to heat the junction of the seed crystals and the main liquid with a small flame in order to encourage coalescence. As soon as this stage was reached, the mechanism was started for withdrawing the boat from the furnace. As the metal cooled, freezing progressed from right to left, and the metal solidified as two crystals with one boundary running the entire length of the specimen, i.e. from to F. This did not occur unless the two seed crystals were symmetrically oriented with respect to a plane per pendicular to the diagram and containing the line EF . In other cases the boundary started at E and followed a line inclined to EF. This appears to be due, at any rate in part, to the fact that the boundary tends to travel perpendicularly to the freezing isothermal and th at the differing thermal conductivities of the crystals in different crystallographic directions prevent the temperature gradient from following its normal course which is perpen dicular to EF. It is possible th at a factor connected with the speed of crystal growth in various crystallographic directions may also be concerned.
Crystal boundaries in
The tendency of the crystal boundary to remain perpendicular to the freezing isothermal was well illustrated in the following experiment in which an attem pt was made to grow crystals in such a way th at the material near the boundary was not disturbed when the specimen was cut transversely in order to obtain specimens of the required size. Boats were prepared as shown in figure 2 , the islands A , B, C, etc., consisting of small blocks of plaster of Paris that penetrated the specimen. It was hoped th at the boundary would follow a straight line from E to F, in which case cutting could be carried out at A, B, C, etc., with no danger of disturbing the part of the specimen near the boundary. Instead, however, the boundary always followed a line like the dotted line in figure 2. This is explained by the fact th at the island A, for example, has no latent heat and a much smaller heat capacity than the tin, and so it cools very much more rapidly than the tin; the isothermals are accordingly modified, e.g. PQ. At RS, however, the edges, and so the isothermal is curved; this accounts for the curious form of the boundary. It also accounts for the striking way in which the boundary keeps to the centre in a specimen in which there are no " islands" to disturb the isothermals. In such cases, the isothermals are all of the form RS, and any deviation from the centre will result in the boundary being turned back towards the centre owing to the curvature of the isothermal.
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Figure 2
Although it should be possible to overcome the ineffectiveness of the " islands" by supplying them with heat in some other way, it was decided to abandon this method and to minimize the severity of the cutting operation by providing grooves penetrating half way through the specimen by means of suitable ridges on the bottom of the boat. This was found to be quite satisfactory, the final separating cut being made by means of a fairly fine saw. The specimens as cut were roughly 2 cm. by 5 mm., each crystal being 1 x 1 x 0-5 cm. and the boundary about 1 x 0-5 cm. in area.
After some preliminary experiments it was found necessary to prepare the specimens with thermocouples embedded in them, so th at the actual thermo junction was as close to the boundary as possible. This was accom plished by making small thermocouples of 47 s.w.g. eureka and copper wires, the junction being fused into the end of a very fine glass tube th at served to insulate the couple from the specimen. The wires were insulated from each other inside this tube by inserting one of them in a still thinner capillary tube. The external diameter of the outer tube was usually under 0*5 mm. These thermocouples were fixed into the boats so th at the junctions were very close to the eventual position of the boundary, and so th at each couple was in the centre of a specimen as determined by the cutting grooves.
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b) Measurement of melting-points
The experiments consisted in measuring, for each specimen, the tempera ture at which the two crystals separated under a given tension, and the temperature at which one of the crystals melted.
The specimen was set up so th at the half containing the thermocouple was held in a clip th at was just sufficiently tight to prevent slipping, while the other end, previously drilled with a thin drill, was pulled upward by means of a wire fixed through the hole in the specimen. The wire was attached to a lever to which any required force could be applied by dead loading. By this method a force was applied normally to the boundary, i.e. tending to pull the crystals apart. The specimen was heated in a bath of oil that was heated slowly and stirred vigorously. The temperatures were measured by means of a Tinsley potentiometer using the following procedure. The potentio meter was set so that no deflexion was obtained at a temperature approxi mating to the melting-point, and the deflexion was observed when the crystals separated. The deflexion was again observed when it became steady, indicating that melting had commenced. The deflexion per microvolt was determined for each couple by observing the change of deflexion when the potentiometer setting was altered by a definite amount during the period of steady deflexion. A typical thermocouple was also calibrated for microvolts per degree by comparison with a thermometer over a range of temperature near the melting-point. The indicating system was a galvanometer with a sensitivity of 185mm.//^A at 1 m. and a resistance of 11 ohms. The scale distance was 2 m. The sensitivity was such th at a deflexion of 1 mm. corre sponded to a change of temperature of about 0-01° C. Although the setting of the potentiometer could not be read to this accuracy, the difference be tween two temperatures, both of which are measured without altering the setting, depends upon the accuracy with which the galvanometer deflexion can be read, and the error of such a reading should not exceed 0*005° C.
E xperimental results
The results of the boundary fusion experiments show th at the temperature at which the two crystals separate is independent of the tension between the limits 1000 g. wt./cm.2, and 3000 g. wt./cm.2 and is also independent of the rate of heating within quite wide limits.
In these experiments seed crystals were always prepared with the c axis perpendicular to the length of the specimen. The following table contains the results of experiments on the effect of the angle A between the c axes of the two crystals, and the difference between the melting-point of the boundary and that of the crystals for Chempur tin (purity 99*986%). The experiment was also performed on tin of the following degrees of purity: (a) 99*998 %, (6) 99*996 %, (c) 99*986 % (Chempur), ( Chempur + 0*05 % lead, (e) Chempur + 0*2 % lead, the angle A in each case being about 45°. The temperature differences obtained were showing th at the amount of impurity must be increased considerably before it has any appreciable effect on the temperature difference. A further observation was that in one case, with Chempur tin, the boundary moved from its original position before fracture took place; fracture occurred at the site of the new boundary. The macro-mosaic effect, sometimes observed in large single crystals, was found to be present in certain single crystals grown by the method adopted.
When such specimens are heated, there is some evidence of fusion of the boundaries of the structure, but no fracture was obtained. This is taken to indicate th at the macro-mosaic structure does not extend through the whole thickness of the crystal.
Discussion of results
The first step in considering the relation of the results detailed above to the theory of the crystal boundary is to form a clear picture of the process by which a boundary is formed. It is necessary at the outset to distinguish between two kinds of boundary , dilfering in their mode of formation and probably also in their properties. The first type of boundary is th at which forms between two crystals while they are both growing, and consequently comes into being simultaneously with considerable parts of the two crystals. This type of boundary grows in a direction at right angles to the isothermal at the freezing-point. This is the type of boundary that accompanies the production of a columnar structure, in which the crystals grow in a direction perpendicular to the surface from which cooling takes place, and for brevity it will be referred to as a columnar boundary. The second type of boundary arises as a result of a different process, the details of which are as follows. When a crystal grows from the melt, the solid that separates is generally purer than the liquid that remains. This depends, of course, on the lowering of melting-point by impurities, and the fact that the solidus at a given temperature represents a purer material than the liquidus at the same temperature. This process, which is continually being counteracted by the process of diffusion in the liquid, must result in a redistribution of impurities so that they are more concentrated in the liquid near the liquid-solid interface than elsewhere.
If the liquid is cooled uniformly from one end, the distribution of tempera ture will take the form shown in figure 3, curve A, in which x represents the distance from the hotter end. The ' " hum p" at P is due to the evolution of the latent heat. On account of the redistribution of impurities mentioned above, the melting-point of the material will vary with x in the manner shown in figure 3 , curve B. The third curve, figure 3, curve C, indicates how far the material at any point is above its own melting-point, the point Q representing the position of the solid-liquid interface. The effect of further cooling of the liquid may be either to even out the melting-point curve as a result of the diffusion of impurities in the liquid, or else, if the cooling is more rapid, the lowering of the general temperature may result in the metal at the point R, figure 3, reaching its freezing-point before the material to the right of it. This will cause the formation of solidification nuclei at R and these will grow in all directions, including to the right. The boundary formed between C and the existing crystal will be formed parallel to the isothermal, and will necessarily contain an excessive amount of impurities. I t may be noted th at columnar type boundaries may form between crystals of the type just described, but not between such crystals and the already existing solid. The chief difference between the columnar boundaries and the second or
segregation type is the mechanism by which impurities are caused to segre gate or concentrate at the boundaries. It will be realized that the familiar " ingot" structure, in which the outer crystals are columnar and the inner ones equiaxed, illustrates the difference between the two types of boundary growth. The columnar structure, due to growth of crystals from nuclei formed at the surface, persists until the increasing concentration of im purities in the melt causes fresh nuclei to be formed in the liquid as a result of the process described above. These nuclei, which are surrounded by liquid, grow outwards in all directions, the result being an equiaxed structure. It has been pointed out by Andrade and Roscoe (1937) that fresh nuclei may form in the liquid as a result of the cooling conditions in the absence of im purities. In such cases, the melting-point curve (figure 3 B) will be a straight line and the effect is entirely due to the evolution of latent heat. A more thorough analysis of this case will be found in the paper referred to.
The conclusion reached above, th at the segregation type of boundary grows parallel to the freezing isothermal, is probably only true in connexion with the general direction of the isothermal. The boundary must always grow in a direction perpendicular to the isothermal in its immediate neigh bourhood, but owing to the irregularities set up by the evolution of latent heat, the local direction of an isothermal may be quite different from its general direction. I t is evident that the present series of experiments is concerned with boundaries of the columnar type.
The most obvious explanation of the observation th at the boundary fuses at a lower temperature than the crystalline material is th at it is due to im purities, but this cannot be accepted for the following reasons. In the first place, the measured temperature difference is independent of the amount of impurity present if this does not exceed about 0-02 %, whereas the influence of 0*05 % is quite pronounced. It is known, however, th at the impurities present in " Chempur " tin (0 02 %) cause a definite lowering of the meltingpoint of the order of 1° C (Homer and Plummer 1939). This shows that an amount of impurity which causes a considerable change of melting-point does not cause a measurable difference in the boundary fusion effect and that it requires a greater concentration of impurity to increase the difference of melting-points.
A second reason that leads to the same conclusion is that there would be no tendency for the impurities to segregate on a columnar boundary unless this in itself had a lower freezing-point than the normally crystalline material. A third justification for this point of view follows from the observation that when the crystal boundary moves, owing to some action connected with the process of grain growth, the fracture takes place at the new position of the boundary and not at its original site.
It is concluded, therefore, that the same material may have different melting-points according to whether it is crystalline or forms a crystal boundary. This must be due to the differing atomic arrangement of the atoms at the boundary, and the alternative explanations that have been offered are that the boundary material forms a separate phase in which the atoms are disposed at random about their normal atomic spacing, i.e. as in a liquid, or that the atoms are in their geometrically determined positions on the lattices of the two crystals as distorted by their mutual proximity. These two views can be referred to as the " amorphous layer" theory, and the " transitional lattice" theory. The amorphous layer theory does not explain the experimental results because an amorphous material should not possess a sharp melting-point but should pass from solid to liquid by a continuous change of viscosity, whereas it has been shown in the present experiments that a sharp melting-point does, in fact, exist.
The other explanation, th at the atoms occupy a transitional lattice, postulates that each atom in the boundary region is held in place by a system of forces similar to th at which would act if the atom were in the normal crystal lattice. Since the boundary is, according to this view, a compromise between two mutually incompatible lattices, the atomic positions and the interatomic forces must differ from the values pertaining to the undistorted lattice. Some or all of the atomic distances will be in excess of the usual lattice values, and this can only be due to the action of tensional forces. These tensions are the resultants of the distorted lattice forces, and must be counterbalanced by compressive forces on other atoms. It is suggested th at the observed depression of the melting-point of the boundary material below that of the crystalline material is due to these tensions. The effect of the com pression can be disregarded as fusion will depend on the lowest melting-point constituent.
It is possible to calculate the value of the tension th at will result in the observed lowering of the melting-point as follows, using the thermodynamic relation
where L is the latent heat, T is the absolute temperature, v1 and v2 the specific volumes of the liquid and solid, and p the pressure. Using the following values for tin: L = 14 cal./g., T = 505°K, v2 = 0*143 it follows that dp dT 31 x 102 kg./cm.2/°C, then the tension required to produce a lowering of melting-point of 0*14° C is equal to 43 kg./cm.2. It is interesting to consider the elastic energy th at a tin crystal would possess if it could be stretched by a force of this magnitude. Using Cuthbertson's value (1939) for the Young's modulus of tin at its melting-point, i.e. 1*2 x 105 kg./cm.2, the energy stored is found to be of the order of 105 ergs/cm.3, or 0-01 Joules/cm.3. This is less than, but comparable with, the values of energy stored in cold-worked aluminium (0*47 Joules/g.) and copper (0-12 Joules/g.) found by Rosenhain and Stott (1933) . It is also comparable with the figures given by Farren and Taylor (1925) for experiments of a similar type.
I t appears reasonable to suppose, therefore, th at the boundary material consists of, or contains, atoms th a t are displaced from their equilibrium lattice positions so th at they possess this amount of strain energy, and that this is the maximum strain energy th at the material can retain. It does not appear from these experiments whether the amount of material with this added strain energy is dependent on the difference of orientation of the two crystals, but it seems probable that this is the case. It is clear, however, th at boundaries in which the values of this angle vary between 14° and 85° contain material with the same maximum strain energy. It is perhaps significant th at the boundary between twinned and untwinned parts of a crystal, pre pared in the way described in a previous publication (Chalmers 1935) , does not melt at a lower temperature, within the limits of the experiments, than the crystals themselves.
The macro-mosaic effect, referred to in the second section of the paper, appears to correspond to a case where a boundary between crystals, whose orientations differ by less than 2°, only penetrates part of the thickness of the specimen. The two surface crystals are both continuous with the same crystal, the difference of angle between them resulting from the " tolerance" which a crystal displays to slight variations in orientation of the material that grows on to it. This may happen when the small angles th at normally occur between the mosaic blocks happen to be oriented favourably, so th at their effects accumulate. This effect may be conditioned by the relative directions of the crystal axes and the direction of growth. It is often observed, for example, th at the lines of separation of the macro-mosaic elements are parallel to the boundary of the bicrystal. This effect is receiving further attention.
In conclusion, the author wishes to record his appreciation of the en couraging interest taken in this investigation by Professor E. N. da C. Andrade, F.R.S. This work forms part of a programme of research carried out in the laboratories of the International Tin Research and Development Council. The author is indebted to the Council for permission to publish.
Summary
A new technique is described for preparing specimens of tin consisting of two crystals of controlled orientation of such a size and shape that a tension can be applied transversely to the boundary. It is found that the temperature at which the crystals separate under tension is below the melting-point of the crystalline material, and th at the difference is independent of the angle between the crystal axes of the two crystals and of impurity providing this does not exceed about 0-02 %. The mechanism of boundary formation is considered, a distinction being drawn between two types of boundary described as " columnar" and " segregational" . The structure of the boundary is discussed in the light of the new experimental evidence, which favours a " transitional lattice" rather than an " amorphous layer" theory.
